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1970.--.Dehydrated infant rats, 10 and 20 days old, received acute urea and salt loads. Urea-loaded lo-day-old rats were unable to enhance urinary concentrating ability.
In contrast, 20-day-old rats showed enhanced concentrating ability accompanied by a rise in urea and sodium concentrations in the papilla. Salt loading had no effect on these parameters at either age. The anatomy of the 20-day-old rat kidney was like that of the adult. The 1 O-day-old rat kidney differed in that: I) medullary interstitial material was more abundant, 2) loops of IIenle were composed predominantly of cuboidal as opposed to squamous epithelium, 3) specialized fornices of the renal pelvis were just beginning to appear, 4) outer medullary vasa recta (VR) bundles were less well developed.
Inability of the 1 O-day-old rat to accumulate additional urea in the papilla and, thereby, to enhance concentrating ability may be due, in part, to these structural immaturities. Differences 1-3 above could retard urea recycling from collecting duct to loop of Henle by lengthening the diffusion path for urea. Buildup of high papilla urea concentration could also be retarded if lateral water movement from descending to ascending VR (4) were less effective, allowing more water to reach the papilla.
renal-concentrating mechanism; urea loading; salt loading; renal anatomy THE IMPORTANCE of urea in the renal-concentrating mechanism became particularly apparent when Gamble et al. (7) noted that adult urea-fed rats, which were excreting a high percentage of urea in the urine, were able to produce a more concentrated urine than rats fed osmotically equivalent amounts of inorganic electrolyte salts. Urine osmolalities were highest when urea constituted 55-60% of the total osmotically active substances in the urine. The phenomenon of enhanced concentrating ability noted under conditions of high-nitrogen intake has also been observed in other species such as man (6), opossum (ZO), sheep (( 2 1) and B. Schmidt-Nielsen, unpublished observations), and dog ( 13, 24) . Enhanced concentrating ability has been found to be associated with an increase in papilla urea concentration where investigated, in dog, sheep, and adult rat (26). In another group of animals, nitrogen intake has no effect on concentrating ability. Examples of this group include the pig, beaver, and sand rat (Z), mountain beaver (9, 23), muskrat (32), and gerbil (unpublished data). In these animals, when urine urea concentration is high, the concentration of electrolytes is low and vice-versa. This is in contrast to the situation in those species which are able to enhance concentrating ability, where the concentration of nonurea solutes remains constant or increases when urine urea concentration is high. Thus, there are at least two groups which show a different response to nitrogen intake, and the question arose as to whether there were anatomical structures which could account for the observed differences in response to nitrogen intake.
Specific anatomical features which have been studied include tubular structure (23), renal pelvic structure ( 17), and renal vasculature ( 19), but none can account for the observed species differences.
Infant rats, age lo-20 days, were chosen for the present experiments, since it was known that newborn rats are unable to produce a highly concentrated urine and that this capacity develops with age (2, 29). It has been shown that tubular structure changes during the first 3 weeks of postnatal life ( 1). Therefore, a study of the infant rat affords an opportunity to examine, within a single species, the relation between renal structure and function. The results show that when given an acute urea load, loday-old rats are unable to enhance concentrating ability. In contrast, 20-day-old rats exhibit enhanced concentrating ability which is accompanied by a rise in papillary urea and electrolyte concentrations.
It is suggested that this difference may be caused by anatomical immaturities in the medulla of the lo-day-old rat which retard the buildup of high tissue urea concentrations.
METHODS
A total of 120 infant male rats from a line-bred strain of H-l rats were used. All animals were kept in an air-conditioned animal room, and the mothers were allowed water and laboratory chow ad lib.
Physiological Studies
All animals were dehydrated for 8 hr. Since lo-day-old rats are dependent on the mother for both calories and water, dehydration also involves starvation. Preliminary studies indicated that 8 hr of dehydration was sufficient to elicit production of a maximally concentrated urine in both loand 20-day-old rats. High-nitrogen or salt intake was simulated by subcutaneous injections of urea or sodium chloride solutions given at 2-hr intervals. Injection volumes were lo-20 ~1. Since the criterion used to evaluate concentrating ability was the maximum osmolar urine/plasma ratio (osmolar U/P), a wide
range of solute loads were tested to find a load which would not cause an osmotic diuresis. Ideally, urea and sodium chloride should be administered in osmotically equivalent amounts.
In the present experiments, it was not always possible to do this and to avoid diuresis at the same time. Since one of the purposes of the experiments was to determine whether there was a reciprocal relationship between urine urea and sodium concentrations, the sodium chloride load was selected on the basis of its effectiveness in raising urine sodium concentration without diuresis rather than on osmotic equivalence with a urea load. The basic experimental plan was as follows: At time 0, rats were removed from the mother and the bladder was emptied. At 2, 4, and 6 hr after removal from the mother, animals received solute or sham injections and the bladder was emptied. One hour after the last injection (time 7 hr) the bladder was emptied. Thirty to 60 min later animals were killed, terminal urine and heart blood samples were obtained, and the kidneys were removed and frozen. Data presented subsequently represent terminal samples. Ten-day-old rats were kept in ventilated cardboard boxes in front of a space heater where ambient temperature was 28-30 C. Since lo-day-old rats were unable to void spontaneously, bladder emptying was accomplished by stroking the perineal region accompanied by suprapubic pressure. Urine was collected into precalibrated polyethylene (PE) tubing or was allowed to drip onto Parafilm and then drawn into the tubing. Occasionally, at the termination of the experiment, the bladder was found to be full even though prior urine samples had been obtained. These animals were discounted.
Twenty-day-old rats were kept without food in individual wire cages supported over Parafilm.
At this age, the rats are able to control micturation, and it was not always possible to induce bladder emptying at the time of solute injection.
Animals were observed continuously, and spontaneously voided samples were collected immediately.
Animals were killed by transection of the cervical spinal cord with the rim of a small bowl. Terminal urine samples were obtained either directly from the bladder with a syringe or into precalibrated PE tubing if spontaneous voiding occurred. The kidneys were removed rapidly, and slices made through the midsection were frozen in a dry ice-acetone mixture. While still frozen, the kidney sections were further subdivided as shown in Fig. 1 
Anatomical Studies
Renal vasculature. Animals were anesthetized with 0.6 mg/g body wt Diabutal.
India ink was injected via the abdominal aorta after the kidney had been flushed with heparinized saline ( 18).
Renal pelvis. Tissues from normal animals were prepared according to routine histol ogical procedures. Serial sections were cut a t 5, 8, and 10 ,U through the short axis of the kidney a nd l-2 mm on either side of the papilla. Latex injections of the pelvis were m .ade in anesthetized anim als by injection of blue latex compound (Carolina Biologic& Supply Co.) ( 17).
Electron microscopy. Anim als were anesthetized as described above. In 20-day-old rats, the abd .ominal aorta was ligated above the renal arteries, the renal vein was cut, and the kidney was perfused with cold glutaraldehyde fixative via the aor ta. In the lo-day-01 .d rat, cortical tissue was fixed bY dripping cold glutaraldehyde directly onto the kidney. Medullary tissue was fixed by making a slice through the long axis of the kidney in situ to expose the papilla and-flooding the tissue with cold glutaraldehyde.
Sections were taken from all zones of the kidnev. Other procedures were similar to those described by Davis and Schmidt-Nielsen (4) .
RESULTS

Physiologica I Studies
Ten-day-old rats-urea and salt loading. Ten-day-old rats were unable to enhance concentrating ability when given acute urea loads ranging from 0.1 to 2.8 pOsm/g body wt.
As shown in Table 1 , none of the urea loads tested caused an increase in osmolar urine/plasma (osmolar U/P) ratio or maximum urine osmolality. Urea loads of 2.8 and 0.6 pOsm/g body wt caused an osmotic diuresis as evidenced by osmolar U/P ratios lower than the control ratio of 3.3 =t 0.1 and by increases in urine flow. Urine flow rose from 3.3 pl/min per 100 g body wt in control to 7.5 pl/min per 100 g body wt in urea-loaded (2.8 pOsm/g body wt) rats. The maximum osmolar U/P ratio and urine flow in rats receiving a urea load of 0.1 pOsm/g body wt did not differ from control rats. In four of the eight urea-loaded (0.1 pOsm/g body wt) rats, urine flow was equal to or less than in littermate controls.
In these four animals, maximum osmolar U/P ratios and maximum urine osmolality did not differ from control values. Therefore, it was concluded that smaller urea loads would similarly have no effect on concentrating ability. Rapid absorption of a single injection of urea (0.1 pOsm/g body wt) was calculated to raise plasma osmolality by less than 0.2 mOsm/kg HZO. A small number of rats (three per group) received urea loads of 1.4 and 0.3 pOsm/g body wt. In rats given a urea load of 1.4 pOsm/g body wt, urine osmolality averaged 784 mOsm/kg HZO, and the osmolar U/P ratio averaged 2.67. These values are intermediate between similar observations in rats given urea loads of 2.8 and 0.6 pOsm/g body wt (Table 1) . Urine osmolality in rats given a urea load of 0.3 pOsm/g body wt was 838 mOsm/kg HzO, and the osmolar U/P ratio was 3.0. Thus, 1 O-day-old rats also appeared unable to enhance concentrating ability with urea loads of 1.4 or 0.3 pOsm/g body wt.
Salt loading (2.2 pOsm/g body wt) also had no effect on concentrating ability. This load produced an increase in urine sodium concentration and urine flow and a decrease in urine potassium concentration but was without effect on the maximum osmolar U/P ratio ( Table  1) . Doses of NaCl lower than 2.2 pOsm/g body wt (not included in Table 1 ) were without effect on urine solute concentrations.
Both urea (0.1 pOsm/g body wt) and salt (2.2 pOsm/g body wt) loading were without effect on renal tissue solute concentrations (Table 2) l Twenty-day-old rats -urea and salt loading. Urea loading (1.4 pOsm/g body wt) resulted in enhancement of concentrating ability as evidenced by an increase in the maximum osmolar U/P ratio from 4.8 & 0.2 in control to 5.5 rfi 0.3 in urea-loaded rats. Urine osmolality in urea-loaded rats was 275 mOsm/kg Hz0 higher than in control rats, due almost entirely to a rise in urine urea concentration (Table 1) . Salt loading (0.3 ,uOsm/g body wt) produced no change in the maximum osmolar U/P ratio and therefore was without effect on concentrating ability. Twenty-day-old rats responded to the salt load by increasing urine Na+ concentration, but unlike the lo-day-old rat, K+ concentration remained unchanged. Twenty-day-old rats appeared to be more sensitive to a salt load than lo-day-old rats, since the rise in urine sodium concentration was brought about by a sodium chloride load one-fourth that required to produce an increase in urine sodium in lo-day-old rats (Table   1) . Urea loading produced an increase in urea concentration from 662 & 36 to 788 Z!Z 42 mM and in sodium concentration from 283 & 2 1 to 352 & 18 mEq/liter at the tip of the papilla (inner zone 3). Salt loading had no effect on medullary solute concentration (Table 2) Gross measurements. Measurements were made on formalinfixed tissue from five lo-day-old and five 20-day-old rats. Cortical thickness in the lo-day-old rat averaged 0.7 mm, and medullary thickness (length) averaged 2.5 mm. The medulla: cortex ratio was 3.6, and relative medullary thickness (25) was 5.1. Cortical thickness in the 20-day-old rat averaged 0.8 mm, and medullary thickness averaged 4.0 mm. The medulla:cortex ratio was 5.0, and relative medullary thickness was 5.4.
Pelvic structure. Cross sections of the kidney are shown in Fig. 2 . From birth to 20 days of age, pelvic structure changed from simple (no specialized fornices) to complex (specialized fornices present). Specialized fornices are evaginations of the pelvic space which penetrate into the kidney tissue beyond the base of the papillary triangle with the result that pelvic urine bathes segments of outer zone tissue ( 17). The histological results in Fig. 1 were confirmed by latex casts of the pelvic space. The surface lining of the papilla and tissue surRenal vasculature. The vasculature of the lo-day-old rat rounded by fornices or precursor fornices was composed of a kidney was similar to that of the 20-day and adult rat, with single layer of squamous or cuboidal epithelium as in the the exception of the arrangement of capillaries in Medulla I adult (17). (Fig. 3) . In the 20-day-old rat, ascending and descending vasa recta form discrete bundles in the outer zone. Capillary bundles present in Medulla I of the lo-day-old rat were not as numerous nor were they as large as in the 20-day-old rat. Electron microscopy. Ultrastructural observations confirmed the light microscope observations of Boss et al. (1) . With the exception of a cortical nephrogenic region in the lo-day-old rat, no appreciable differences were noted in the glomerulus, proximal, and distal tubular cells, collecting duct cells, or capillary endothelium when the ultrastructure of the loday-old rat kidney was compared to that of the 20-day-old rat.
The cells of the loop of Henle in the lo-day-old rat differed from those of the 20-day-old rat in that they were typically cuboidal in shape (Fig. 4) and resembled collecting duct cells although they were not quite as high. Thin limbs of Henle resembling the 20-day-old or adult rat accounted for only about 5% of the loops observed. However, thin limbs observed were not typical of the adult in that microvilli and interdigitation were absent (Fig. 5) . Additionally, individual loops of Henle were surrounded by more interstitial material than in the 20-day-old rat. In the 20-day-old rat the loops of Henle were thin, composed of squamous epithelium, and in the descending limb (Fig. 6 ) numerous short microvilli were present as described for the adult rat ( 16). Mitochondria were rare. Numerous lateral and basal projections were observed. In the ascending limb (Fig. 7) , microvilli, when present, were shorter, blunter, and generally only one per cell. Mitochondria were somewhat more frequent than in the descending limb, and lateral interdigitation was absent.
DISCUSSION
It has been shown that lo-and 20-day-old rats respond differently to acute solute loading. When given an acute urea load, IO-day-old rats are unable to enhance urinary concentrating ability, whereas 20-day-old rats show enhanced concentrating ability associated with a rise in papilla urea and sodium concentrations.
In seeking an explanation for this functional immaturity of the IO-day old rat, it is of interest to examine the normal operation of the renal concentrating mechanism of lo-and 20-day-old rats and to point out some similarities and differences which exist between the lo-day-old rat and the mature mountain beaver, Aplodontia, which is also unable to enhance concentrating ability or to accumulate additional urea in the medulla when maintained on high-nitrogen intake (9, 23). The lo-day-old rat is able to concentrate its urine to a maximum of about 900 mOsm/kg HsO, 500 mOsm/kg Hz0 lower than the maximum osmolality observed in 20-day-old rats. Since the epithelium in the loops of Henle of the lo-day-old rat is primarily cuboidal and thin limbs are rare, the lower maximum urine osmolality at 10 days might be explained on the basis of tubular immaturity. However, the lo-day-old rat is able to produce a more concentrated urine than the mature mountain beaver which can only concentrate urine to approximately 600 mOsm/kg Hz0 and which lacks long loops of Henle (9, 18, 23) .
Both the lo-and 20-day-old rat are capable of establishing an osmotic gradient in the kidney tissue increasing from cortex to papilla, as demonstrated previously (2, 29). The urea concentration in Medulla I (MI) of the lo-day-old rat, which includes the future outer zone, is 101 mM. In Aplodontia urea concentration in the medulla, which consists entirely of outer zone tissue (no long, thin loops of Hcnle), ranges from 20-40 mM (23). On the basis of this comparison, the lo-day-old rat is 2-5 times better at concentrating urea than mature Aplodontia. In contrast, sodium concentration in MI of the lo-day-old rat is 93 mEq/liter compared with 120-140 mEq/liter in the medulla of Aplodontia. Thus, the ability of Aplodontia to concentrate sodium in outer zone tissue exceeds that of the lo-day-old rat. In control dehydrated rats, the increase in sodium concentration from cortex to papilla is 2.7-fold in 10 day-and 3.9-fold in 20-day-old rats. The increase in urea concentration from cortex to papilla is 14.3-fold in lo-and 23.8-fold in 20-day-old rats. Therefore, between 10 and 20 days of age the papilla: cortex urea concentration ratio increases 1.7 times, whereas that for sodium increases 1.4 times (Table  3) . It would appear that between 10 and 20 days of age, the capacity to concentrate urea in the kidney tissue increases more than the capacity to concentrate sodium under conditions of dehydration.
This difference cannot be accounted for by differences in plasma concentrations of urea and sodium.
Mechanism of Urea Accumulation Related to Anatomy
In order for medullary urea concentration to rise, urea must be retained without a corresponding amount of water. While the mechanism by which this occurs is not yet entirely clear, micropuncture studies in several species of rodents show that there is a substantial medullary recycling of urea ( 12, 14, 27) . Measurements of urea: inulin TF/P (tubular fluid/plasma) ratios show that while 30-50 % of the filtered urea has left the tubule at the end of the proximal convolution in nondiuretic animals, at the tip of the loop of Henle as much or more urea than filtered may be present. Again, in the distal tubule convolution, ureazinulin TF/P ratios may be greater than 1.0 in rats (12, 27) and as high as 3-4 in some species of desert rodents (14), indicating the presence of more urea than can be accounted for by filtration alone. Since a major portion of urea present in the distal convolution is reabsorbed by passive diffusion as fluid passes through the distal nephron and collecting duct, this (Fig. 2) . The length of the medulla is 1.6 times greater in 20-day-old rats than in lo-day-old rats. Similarly, urine osmolality is 1.54 times greater (Table  3) . Therefore, the difference noted in maximum urine osmolality at these two ages appears to be closely related to the length of the medulla.
The ratios of medullary:cortical thickness and medullary : cortical sodium concentration increase 1.4 times between 10 and 20 days of age. The medullary : cortical urea ratio increases 1.7 times. This would suggest that while maximum urine osmolality and tissue sodium concentration are related to the length of the medulla, the ability to accumulate urea in the medulla is related to factors other than, or in addition to, tubular length. Of the species examined to date, enhancement of con- Pelvic structure. In the lo-day-old rat, fornices or extenthus tally make it more difficult to remove water while specifiin the tissue. However, although medulretaining urea lary water content is higher in lo-day-old rats than in ZOday-old rats, this cannot be considered evidence for less effective lateral water shunting, since total body water is also higher ( 10).
sions of the pelvic space are just beginning to appear. Only a small projection of future outer zone tissue is bathed by pelvic urine. In the ZO-day-old rat fornices are well developed, and pelvic urine bathes outer zone tissue. Gertz et al. (8) At the present time, the possible effects of antidiuretic hormone (ADH) on the process of urea accumulation in the medulla of infant rats are unknown.
In the presence of ADH, urine osmolality should equal tissue osmolality at the tip of the papilla.
Since in the lo-day-old rat, the entire papilla was used for analysis and only urea, sodium, and potassium (+ anion) concentrations were included in the calculated osmolality, true osmolality is underestimated, and one cannot say whether complete equilibration has occurred. The fact that maximum urine osmolality is related to the length of the medulla at 10 and 20 days of age suggests that ADH is present in sufficient amounts at 10 days of age, but nothing is known about the effects of ADH on permeability of the nephron to urea at these two ages. Renal vasculature. The renal vasculature of the lo-and ZO-day-old rats is similar to the adult with one exception. In the lo-day-old rat, the formation of bundles of ascending and descending vasa recta in the future outer medulla, which appear to function as rete mirabile, are not as well developed as in the ZO-day-old rat. Wilde and Vorburger (28) demonstrated that in the hamster albumin is concentrated in the descending vasa recta. They noted a rise in albumin concentration in the descending vasa recta of the outer medullary bundles and suggested that at this level lateral filtration of water may occur directly from descending to ascending vasa recta. If lateral water shunting were less effective in the less well-developed capillary bundles of the lo-day-old rat, more water would reach the papilla and 
